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ABSTRACT   
Measuring intracellular temperature is critical to understanding many cellular functions but still remains challenging. 
Here we present a technique – fluorescence-assisted photoacoustic thermometry (FAPT) – for intracellular temperature 
mapping applications. To demonstrate FAPT, we monitored the intracellular temperature distribution of HeLa cells with 
sub-degree (0.7 oC) temperature resolution and sub-micron (0.23 μm) spatial resolution at a sampling rate of 1 kHz. 
Compared to traditional fluorescence-based methods, FAPT features the unique capability of transforming a regular 
fluorescence probe into a concentration- and excitation-independent temperature sensor, bringing a large collection of 
commercially available generic fluorescent probes into the realm of intracellular temperature sensing.     
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1. INTRODUCTION  
Many cell events, such as cell division, nutrient metabolism, and gene expression, are accompanied by intracellular 
temperature change [1-3].   Accurately measuring this temperature change can, in turn, contribute to a deeper 
understanding of biochemical processes inside a cell.  Although cellular thermometry has been realized at the single-cell 
level by employing tools such as micro- or nano-scale thermocouples[4, 5], fluorescence nanoparticles or nanogels [6, 7], 
and a photoacoustic thermometer [8], most of these techniques have treated the cell as a whole and measured its average 
temperature. Knowledge of the average cellular temperature is, however, insufficient for exploring thermogenesis and 
thermal dynamics at the level of subcellular structures [2].  
    Achieving intracellular temperature mapping is difficult because it requires measuring a physical quantity sensitive to 
local temperature changes but independent of the sensor’s concentration and excitation strength. To our knowledge, only 
two fluorescence-based techniques have realized intracellular temperature mapping, utilizing fluorescence lifetime [9] 
and polarization anisotropy [10], respectively.  Despite the high spatial and temperature resolution they have 
accomplished in cellular imaging experiments, both methods rely on custom-developed fluorescent biosensors, limiting 
their accessibility to only a few laboratories.   
    A major impetus towards the widespread application of fluorescence microscopy is the ongoing development of 
fluorescent probes, which display excellent selective labeling of cellular structures [11]. However, most commercially 
available fluorescent probes were not intended to be temperature sensitive.  To expand the toolbox of intracellular 
temperature mapping technique and make it accessible to a much broader biological research community, here we 
present a novel method – fluorescent-assisted photoacoustic thermometry (FAPT) – which integrates fluorescence 
microscopy with photoacoustic thermometry on one platform. FAPT features the unique capability of transforming a 
generic fluorescent probe into a concentration- and excitation-independent intracellular temperature sensor.   
2. PRINCIPLE   
Upon absorbing a photon, a fluorophore’s electron transits from the ground state to an excited state. The electron’s 
energy is released primarily via two paths [12, 13]: radiative decay, i.e., fluorescence, or non-radiative decay, i.e., 
thermal dissipation. The possibility of an electron following either of these two decay approaches is described by the 
fluorophore’s quantum yield η. After excitation, the emitted fluorescence intensity equals  
 
 f aI AFμ η= , (1) 
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where A is a constant, F is optical fluence (J/cm2), and ߤ௔	is the absorption coefficient (cm-1).  ߤ௔ is dependent on the 
fluorophore’s concentration and its molecular absorption cross-section.  
    On the other hand, if the excitation light is a short pulse, the generated heat during non-radiative decay produces an 
ultrasonic wave via thermoelastic expansion.  The detected photoacoustic amplitude is [14] 
 (1 )aP BFμ η= − Γ . (2) 
In Eq. 2, B is a constant, and Γ is the Grueneisen coefficient, which is temperature dependent by an empirical relation 
[15] 
 1 2C C TΓ = + , (3) 
where T is the local temperature, and C1 and C2 are constants.  
    Traditional photoacoustic thermometry [15-17] calculates the temperature map from Eq. 2 and Eq. 3, i.e.,  
 1
2 2
1 1 ( , )( , ) .
1 ( , ) ( , )a
CP x yT x y
C B F x y x y Cη μ= −−  (4) 
However, the temperature mapping derived by Eq. 4 is affected by the F and aμ distributions – it is accurate only when 
ߤ௔	can be considered as uniform and F can be accurately measured.  
    To eliminate the effect of ߤ௔	and F on the temperature mapping measurement, we collect fluorescence and 
photoacoustic (PA) signals simultaneously at each scanning point. Substituting ߤ௔	in Eq. 4 with the corresponding 
fluorescence intensity in Eq. 1 gives  
 1
2 2
( , )( , ) .
(1 ) ( , )f
CA P x yT x y
C B I x y C
η
η= −−  (5) 
    In FAPT, a new quantity R is defined as the ratio of the photoacoustic amplitude P to the fluorescence intensity If. For 
a fluorophore whose quantum yield η is insensitive to temperature changes, Eq. 5 can be simplified as  
 1 2( , ) ( , ) ,T x y D R x y D= −  (6) 
where R = P/If , and the coefficients ܦଵ = ܣߟ/ܥଶܤ(1 − ߟ) and ܦଶ = ܥଵ/ܥଶ are independent of  ߤ௔	and F and remain 
constant for the same fluorophore. Because ܦଵ and ܦଶ	can be calibrated for, the corresponding local temperature can be derived by measuring the ratio R at each scanning point.  
    The uncertainty of the derived temperature from Eq. 5 can be estimated as 
 2 2( ) ( )f
f
IT P
T P I
ΔΔ Δ≈ + . (7) 
On the one hand, the noise contributed by the fluorescence was considered as shot-noise limited, and calculated as  
 1f
f
I
I N
Δ = , (8) 
where N is the number of fluorescent photons that the system acquired. On the other hand, the noise item contributed by 
PA is normally dominated by thermal noise and interference noise [18], which depend highly upon  the specifics of the 
experimental setup. 
3. SYSTEM DESCRIPTION    
The FAPT was built on a previously described sub-micron resolution PAM system [19]. The system setup is shown in 
Fig. 1.  A pulsed laser (wavelength: 532 nm, pulse duration: ~5 ns) both excited the fluorescence and generated 
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photoacoustic signals. Two objectives, with NA=0.32 (Leitz Wetzlar Phaco 10×) and NA=1.40 (Olympus PLAPO 60×), 
focused the excitation laser and collected the fluorescence signal. The spatial resolutions corresponding to these two 
objectives were 0.82 μm and 0.23 μm, respectively. A combination of an excitation filter (central wavelength 532 nm, 
bandwidth 3 nm), a dichroic beamsplitter (transmission wavelength 400-530 nm, reflection wavelength 575 nm-725 nm), 
and an emission filter (central wavelength 559 nm, bandwidth 34 nm) separated excitation light from fluorescence. The 
fluorescent light was detected by a photomultiplier tube (PN: PMM01, Thorlabs Inc.), while the PA signal was acquired 
by a custom-made focused ultrasound transducer with a central frequency of 40 MHz and a numerical aperture of 0.5. In 
order to obtain a 2D temperature map, the sample was raster scanned across the region of interest.   
    The sample was immersed in phenol-red free medium (PN: 21063-029, Life technologies) in an incubator chamber 
(PN: CSC-25, Bioscience Tools), whose temperature could be finely adjusted (step: 0.01oC) by the accompanying 
controller (PN: TC-1-100s, Bioscience Tools). The temperature of the incubator chamber was monitored by a 
thermocouple immersed in the bath.  
 
Fig. 1. FAPT system setup. The fluorescence and PA signals were measured simultaneously at each scanning point.  
4. RESULTS AND DISCUSSION 
We applied FAPT to cellular temperature imaging. A mitochondrion is a cellular organelle that produces energy and heat 
via oxidization. Temperature imaging of mitochondria would help to understand cellular metabolism [2].  Here we 
stained HeLa cells (30-40 microns in diameter) with a commercially available fluorescent dye – MitoTracker orange 
(PN: M-7510, Life technologies, Inc.) and monitored the mitochondria temperature during environmental temperature 
changes.  
    The HeLa cells grew in Dulbecco's Modified Eagle Medium with 10% fetal bovine serum and 1% 
penicillin/streptomycin supplement. The cells were incubated at 37 °C in 5% CO2 and split every 72 hours. After being 
dispersed in 0.25% EDTA-trypsin, they were seeded at 2-4×104 cells per square centimeter. Culture medium was 
removed 24 hours after imbedding cells on a cover glass and replaced by staining solution, a fresh culture medium 
containing 10 µM MitoTracker Orange probes (PN: M-5710, Life technologies). After incubation in staining solution for 
60 minutes, the cells were rinsed twice with fresh medium. After staining, cells were trypsinized, collected and 
suspended in extraction buffer (PN: FNN0011, Life technologies). To inhibit proteolysis, 50 µL of protease inhibitor 
cocktail (PN: P2714, Sigma-Aldrich) for each milliliter of buffer and 0.5 mM phenylmethanesulfonyl fluoride (PN: 
P7626, Sigma-Aldrich) were added before the extraction. The cells with the extraction solution ware kept on ice for 40 
minutes with occasional vortexing. The lysate was clarified by centrifugation at 13000×g for 15 mins. 
    To be eligible for FAPT imaging, the quantum yield of the chosen fluorescent dye must be temperature-insensitive. 
Since insensitivity had not been reported for the fluorescent dye MitoTracker orange, we first measured it in an aqueous 
solution. By exciting the fluorophore and collecting the corresponding fluorescence at each temperature, the relation 
between fluorescence intensity and temperature was acquired (Fig. 2a). The result shows that the quantum yield of 
MitoTracker orange is stable over 25 oC – 37 oC, a temperature range of interest in cellular studies [9, 10].  
Then, we calibrated the relation between the PA/fluorescence ratio R and temperature for MitoTracker orange in cell 
extract (Fig. 2b). The coefficient of determination is 0.995 for the linear fit.  The SNR of the measured PA and 
fluorescence signals were 33 dB and 49 dB, respectively, resulting in ~0.7 oC temperature resolution in this experiment.  
Proc. of SPIE Vol. 8943  894309-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/4/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
32
26 28 30
T
irmalized photoac
amplitude
(E
I 32 34 2
(°c)
Il 0
:oustic Norne
9)
36
alized fluorescen
intensity
Measuremeni
Fit
25 27 29 31
T(
(h)
(b)
I 33 35 37
;°C)
 
 
Next, the HeL
and 27.0 oC.
fluorescence.
acquired at 3
orange was s
cellular organ
The mean va
agreement wi
In summary, 
experiments d
with sub-micr
    Compared 
fluorescence 
possibility of
sensing appli
lab tool and m
can affect cel
FAPT can b
changes, a kn
diseases.   
Fig. 2. Intrac
intensity for t
range of 25 o
The coefficie
a cells staine
 The microsc
  Figs. 2(c)-(e
6 oC, respect
electively stai
elles.  The un
lues of recov
th the corresp
we presente
emonstrated 
on spatial res
to previous f
dye into a 
 utilizing a 
cations.  This
ake it acces
lular activitie
e utilized to 
owledge that
 
ellular mitoc
he fluorophor
C – 37 oC.  (
nt of determin
d with MitoT
ope objective
) show the m
ively.  Figs. 
ned on the m
known tempe
ered cellular
onding enviro
d a generic t
that FAPT is 
olution and s
luorescence-b
concentration
large collecti
 advantage sh
sible to a mu
s by changing
study the de
 would promo
hondrial tem
e MitoTracke
b) The PA/flu
ation is 0.99
racker orang
 (Olympus P
easured PA, 
2(f)-(h) show
itochondria, f
rature outsid
 temperature 
nmental temp
5.
echnique, FA
capable of m
ub-degree tem
ased method
- and excitat
on of comme
ould facilitate
ch broader re
 enzyme activ
pendence of 
te our under
perature map
r orange. The
orescence ra
5 for the linea
e were image
LAPO 60×) 
fluorescence,
 the correspo
ew photoacou
e mitochondr
in Fig 2e an
eratures. 
CONCLUS
PT, for intra
easuring the 2
perature reso
s, FAPT feat
ion- indepen
rcially availa
 the conversi
search comm
ity [20], mem
cellular therm
standing of ce
ping by FAP
 quantum yie
tio R versus t
r fit.  (c)-(e) 
d by FAPT a
with NA=1.4
 and FAPT-re
nding image
stic and fluo
ia was pseudo
d 2h are 35.9
ION 
cellular temp
D temperatur
lution.   
ures the uniq
dent tempera
ble fluoresce
on of intracel
unity. Additi
brane charac
ogenesis or 
llular metabo
T. (a) The t
ld of MitoTra
emperature f
PA, fluoresce
t environmen
 focused exc
covered mito
s acquired at
rescence sign
-colored as d
 oC and 27.0
erature map
e distribution
ue capability
ture sensor, 
nt probes fo
lular tempera
onally, since 
teristics [21],
reaction on 
lism regulati
emperature d
cker orange 
or the Mito T
nce, and FAP
tal temperatu
itation light 
chondrial tem
 27 oC. Since
als were mea
ark blue in Fi
 oC, respecti
ping applicat
 of an optical
 of transform
a fact that 
r intracellula
ture mapping
environmenta
 or ion chann
environmenta
on and diagn
 
ependence of
is stable over 
racker orange
T-recovered 
res of 36.0 oC
and collected
perature map
 MitoTracker
sured in other
gs. 2e and 2h
vely, in good
ions. Cellular
ly thin sample
ing a regular
opens up the
r temperature
 into a routine
l temperature
el gating [22]
l temperature
osis of related
 fluorescence
a temperature
 fluorophore
mitochondria
 
 
 
 
 
.  
 
 
 
 
 
 
 
 
, 
 
 
 
 
. 
l 
Proc. of SPIE Vol. 8943  894309-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/4/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
  
temperature map at 36 oC. (f)-(h) PA, fluorescence, and FAPT-recovered mitochondrial temperature map at 27 oC. The 
dark blue background in (e) and (h) denotes unknown temperatures. Scale bar, 5 μm.  
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